This paper proposes the application of hierarchical models to the assessment of feed efficiency in beef cattle. Using a large dataset comprising 5600 cattle assembled from different experimental studies, feed efficiency rankings of cattle were estimated using the proposed approach. This was compared to more commonly used linear, and nonlinear estimators. A phenotypic selection scheme that selects cattle at the means of different percentiles was developed to illustrate potential economic and environmental outcomes resulting from changes in feed efficiency rankings. The former involved the specification of a multi-year stochastic farm simulation model. In general, our results show that improved feed efficiency is associated with positive economic and environmental benefits. A unit reduction in feed intake (kg as fed/day) is associated with an average increase of $13.23 in net returns and 33.46 tonnes reduction in emission at the end of the feeding period. We also find that feed efficiency ranking of cattle is sensitive to estimation approach. The within percentile mean estimates of the hierarchical model were comparable to the conventional linear estimator. There were, however, deviations at the tails of feed efficiency distributions where selection is most likely to occur.
Introduction
Profit margins in cattle feeding are thin and feed cost constitutes a major component of total production cost (Dilenzo and Lamb, 2012) . In fragmented production systems where cattle breeding and feeding are distinct operations, reduced margins from higher feed costs at the feeder end means lower valuation of weaned calves. Feed utilization by cattle is also linked with methane from enteric fermentation. Methane is an important greenhouse gas with an estimated global warming potential 1 of 28-36 times that of carbon (Environmental Protection Agency, 2016) . This implies that improvement in feed efficiency has important environmental and economic implications for cattle producers. This notwithstanding, improvements in the trait has occurred at a much slower pace as compared to other traits. Figure 1 shows genetic trends in birthweight, weaning weight, feed intake and feed efficiency (measured as residual average daily gain) in Angus cattle. Further, the pork and poultry sectors have seen much higher improvements in the trait as compared to cattle (Basarab, Baron, López-Campos, Aalhus, Haugen-Kozyra, & Okine, 2012) . Improvements in feed efficiency through breeding requires the identification of high performing individuals and the linking of this information back to their parents (bulls and dams) and/or their genomic information. In breeding programs this requires both genotypic and phenotypic data. The latter refers to actual feed intake and performance data. Feed intake is affected by both genetic and environmental factors. This suggests that accurately accounting for these different sources of heterogeneity is critical for several reasons. The most important being that errors in the feed efficiency estimate of an individual can distort its ranking within a cohort of cattle. This can, in turn, affect the valuation of performance of the parents of these animals leading to errors in selection. The intertemporal nature of breeding decisions means the economic and environmental implications of these errors can be far-reaching.
Studies (e.g. Robinson, 2005a; Robinson 2005b; Berry & Crowley, 2013) have evaluated aspects of RFI estimation. Robinson (2005a) examined the impact of measurement errors in covariates in the context of residual feed intake estimation. Errors in covariates were found to be a significant source of bias in the resulting coefficient estimates. Approaches such as inverse regression were suggested as a means of correcting for the effect of these errors (Robinson 2005a) . Robinson (2005b) compared different estimates of weight gain using feed efficiency data. Berry and Crowley (2013) noted possible nonlinear relationships between feed intake, average daily gain (ADG) and metabolic mid-weight (MWT) amongst diverse populations and animals with inferior genetic merit for these traits. Basarab, Price, Aalhus, Okine, Snelling and Lyle (2003) found evidence of the possibility of re-ranking cattle based on efficiency estimates from the different linear models used. The use of more robust empirical techniques and the impact of errors in estimation, as it pertains to the economic and environmental wellbeing of beef farms, have not been previously explored.
In the light of the foregoing, this paper has two objectives. First, we estimate and rank a large dataset of cattle by feed efficiency estimator using a multi-level estimation technique and compare rankings with that of more commonly used approaches. Second, we evaluate the economic and environmental consequences resulting from changes in the feed efficiency ranking of cattle by the different estimation approaches. From this analysis, we can quantify the implications of model accuracy. In the economic analysis, we assess the impact of selection at different percentiles on profits using a stochastic farm model. We also track methane from enteric fermentation sources and evaluate differences in emissions by feed efficiency estimator.
The rest of the paper proceeds as follows. A brief overview of the existing literature on the measurement of feed efficiency is first presented. This is followed by a description of empirical approach and data sources. The results of the analysis are then presented. The final section provides concluding remarks.
Feed Efficiency, Measurement and Improvement
Feed efficient cattle consume less feed per unit measure of beef produced. Commonly used estimates of feed efficiency include: feed conversion ratios (FCR) (Brody, 1945) and residual feed intake (RFI) (Koch, Swiger, Chambers, & Gregory, 1963) . Although extensively used in the past, the former has been less favored in recent years as a result of unfavorable correlations between FCR and its component traits (Nkrumah, Basarab, Price, http://sar.ccsenet.org Sustainable Agriculture Research Vol. 6, No. 2; Okine, Guercio, & Moore, 2004; Archer, Richardson, Herd & Arthur, 1999) . Residual feed intake (RFI), estimated as the difference between actual animal feed intake and predicted feed intake, is the prevalent measure of feed efficiency across the different livestock production systems (Koch, Swiger, Chambers, & Gregory1963; Archer, Richardson, Herd & Arthur, 1999; Rauw, Soler, Tibau, Reixach & Raya, 2006) . Differences in RFI capture variations in the efficiency with which individual animals utilize feed for maintenance and production (Basarab et al., 2003; Johnson, Chewning & Nugent, 1999) . Lower RFI values are more desirable since they imply more efficient conversion of feed into meat per unit of intake. Predicted feed intake is typically estimated as a linear regression of actual animal feed intake on a set of covariates such as average daily gain, mid metabolic body weight and measures of meat composition such as back fat (Hoque, Kadowaki, Shibata, Oikawa & Suzuki, 2009 ).
Previous studies (e.g. Arthur, Archer, Johnston, Herd, Richardson, & Parnell, 2001; Herd & Bishop, 2000; Basarab et al., 2003) have examined residual feed intake for different categories of beef cattle. This residual portion of feed intake forms the basis for identifying relatively more efficient-cattle with lower (negative) RFIs. It has been suggested that RFI could represent variations in metabolic processes which determine feed efficiency (Brelin & Brannang, 1982; Korver, 1988) . As errors from the regression of covariates that capture size and growth, residual feed intake is phenotypically independent of these production traits. This implies that there will be little correlated effects of the selection for feed efficiency. in a study of feed efficiency in Angus cattle, estimated a linear regression model of feed intake on metabolic weight and ADG controlling for group and sex effects. Residual feed intake was derived as the difference between an animal's actual feed intake and predicted feed intake given its' size and growth. Additionally, the study found evidence of genetic and phenotypic independence between RFI and component traits. Herd and Bishop (2000) assessed the existence of genetic variation in RFI in young bulls and the phenotypic and genotypic relationships between RFI and other important production traits such as mature cow size. The predicted feed equation was estimated as a linear regression of feed intake (FI) on MWT and ADG. Archer (1999) estimated RFI as residuals from the linear regression of feed intake on ADG and MWT. To capture possible heterogeneity across animals resulting from gender and treatment, separate models were estimated for each gender within each test cohort. Arthur, Renand and Krauss (2001) examined genetic and phenotypic relationships between different feed efficiency and growth measures in young Charolais bulls.
While measurement is a crucial aspect of the assessment of feed efficiency an equally important consideration is improvements in trait. Improvements in feed efficiency can be achieved in a variety ways. Table 1 is a summary of selected approaches. These include: through selection, nutrition, the use of growth promotants and management practices. Nutrition related practices include changes in diet composition. For example, the inclusion of higher levels of concentrate in feed is associated with higher feed conversion rates. Meyers (1999) reported a 25% increment in feed efficiency from cattle fed 90-100% concentrate as compared to 60% concentrate diets. The use of growth promotants such as implants, ionophores and beta-agonists is associated with higher levels of feed efficiency (4-23%). In addition to these, evidence from other studies (Myers, Faulkner, Ireland, Berger, & Parrett, 1999; Schoonmaker, Fluharty & Loerch, 2004; Barker-Neef, Buskirk, Black, Doumit, & Rust, 2001 ) that examined the effect of management practices on the feed efficiency report a negative relationship between weaning time and feed efficiency. In general, feed efficiency is higher in early weaned calves-9-8%. The reported rate of improvement in feed efficiency from selection (i.e. 0.75-1%) is relatively low in magnitude as compared to the other practices outlined. However, the genetic change is per year and is cumulative and permanent. 
Methods
The collection of actual feed intake data of cattle imbedded in different treatment cohorts often requires the pooling of data from multi-sources. A major challenge in analyzing datasets with large sources of heterogeneity is the potential to over-fit the data due to the incorporation of a large set of treatment effects. This context however, provides the ideal condition for the application of estimation techniques that are more adapt to modelling heterogeneity. Gelman (2006) noted that hierarchical models represent a more robust approach when juxtaposed against standard completely pooled and unpooled regression in the analysis of nested data. Previous applications in beef cattle include: the assessment of culling risk (Babcock, Cernicchiaro, White, Dubnicka, Thomson, Ives, Scott, Milliken & Renter, 2013) ; assessment of variances in average daily gain (Cernicchiaro, Renter, Xiang, White & Bello, 2013) .
We propose the application of a hierarchical model approach to the assessment of cattle feed intake data. In estimating the hierarchical model, it is assumed that animals (level 1) are nested within treatment cohorts (level 2) which are nested within the location of the feeding experiment (level 3). The inclusion of level 3 is an attempt to capture region specific idiosyncratic effects common with multi-source dataset. Following Hedeker and Gibbons (1994) , the three level model is specified as: Based on these estimates, the resulting RFI distributions are derived. To evaluate the potential impacts of selection based on different estimators, the economic and environmental effects of phenotypic changes in RFI at different percentiles are estimated and compared. Net returns from cattle feeding are simulated from a 25-year model that accounts for stochasticity in feed and cattle prices. For each RFI estimation approach i, net returns are estimated as: f is the price of feed and OC refers to other production costs(veterinary, bedding, transportation costs). Net returns are discounted at 5%.
Cattle are assumed to be initially placed on a backgrounding diet from weaning (550 lbs) to 750 lbs before being transferred to a finisher diet. Cattle are finished at 1225 lbs (Carlberg & Brown 2001) . It is assumed that the feeding operation has 5600 animals. Methane from enteric fermentation emitted over the feeding period is estimated as: where Emissions is total emissions from enteric fermentation, cattle is number of cattle, DOF is days on feed, DMI is dry matter intake, GE is gross content of diet assumed to be 18.45 MJ/kg dry matter, EF is emission factor for enteric fermentation assumed to be 6.5% and EC is the energy content of methane. The quantification equation is taken from the Alberta low RFI protocol (Environment Alberta, 2012).
Data and Data Sources
Feed intake data was collected from three research projects: Agriculture and Agri-Food Canada's(AAFC) Phenomic Gap project (PG1), the University of Alberta at the Kinsella ranch (KIN) and the Elora test station at the University of Guelph (UOG Data from multiple sources are used in the simulation analysis. Information on feed requirements and entry and exit weights for the feeding phase of the model were obtained from the Alberta beef cow-calf manual (Alberta Agriculture and Food, 2008) . Data on overwinter feeding cost of cows and the feeding phase (i.e. backgrounding and finisher) is obtained from Alberta Agriculture and Rural Development (2004) and the Feedlot Investment Risk Simulation decision making tool.
Results
Tables 2 captures the descriptive statistics of DFI, MWT, ADG cattle and feed prices for the overall sample. Mean feed intake for the entire sample is approximately 9.15kg/day, over the range of 4.07kg/day (min) and 15.54kg/day (max). Mean MWT and ADG were 93.51kg and 1.47kg/day respectively. In general, steer prices were higher than heifer prices for both weaned and finished prices. Cattle prices were also inversely related with weight reflecting the so-called price slide. The mean feed barley price ($/tonne) was approximately $158. The cost of barley silage (i.e. $40) was about a third of the feed barley price. Further 73% of the cattle in the sample were male, whilst heifers constituted the remaining 27%. The dominant breeds were HY (12%), AN (12%), HE (30%) and TX (22%). Table 3 shows the results of the multi-level model. It is assumed that cattle (level 1) are nested within treatment cohorts (level 2) which are nested within the location of the feeding experiment (level 3). In addition to coefficient estimates, the variance components and the variance partition coefficients are also reported. Table 3 , ADG and MWT positively affect feed intake. A unit increase in MWT is associated with a 0.08 increase (kg/day) in feed intake. A unit change in ADG is associated with a much higher response in feed intake-1.4 kg/day. In general, it seems that the greatest heterogeneity occurs at the contemporary group level. This is followed by the individual level. The source variance was least. Consequently, the VPC estimates were 0, 65 and 35% at the source, contemporary group and animal levels respectively. This suggests that 35% of the differences in feed intake are observable at the animal level as compared to (65%) at the contemporary group level. The breed and gender effects are all significant implying that controlling for these effects was indeed appropriate.
In Table 4 , the results of the linear and nonlinear model estimates are presented. In these models, the treatment, breed and sex effects are included as dummy variables. The coefficient estimates of the linear model are generally consistent with the multi-level model although the magnitudes differ slightly. The coefficient estimate for MWT is marginally greater than the corresponding estimate in the multi-level model, the reverse applies to ADG. Also from Table 4 , the nonlinear specification does not improve model fit. For each of the reported estimates, the feed efficiency score of each animal is calculated as the difference between actual and predicted feed intake. Feed efficiency scores ranged from a low of -4.02 kg (as fed/day) to a higher 4.16 kg (as fed/day). This implies that the most efficient cattle consumed 4.02 kg less feed when controlled for ADG and MWT as compared to the least efficient animal which eats 4.16 kg of feed more. The distribution of feed efficiency scores was comparable across the different estimators but the rankings of cattle differed. 
Frequency of changes in ranking
From Figure 2 , the feed efficiency rankings of approximately 98-99% of cattle assessed changed by estimation approach. This translates to changes in 5500 animals in the total sample of 5600 animals. The greatest variability was between the multi-level and quadratic estimate whilst the multi-level and linear model showed the least variation in ranking. This notwithstanding, the results imply that estimation approach significantly impacts the feed efficiency scores and rankings of cattle.
To further illustrate the effect of the changes in ranking from the different estimates, a stochastic multi-year simulation model that tracks net returns and methane emissions from enteric fermentation was estimated. The size of the operation is assumed to be 5906 calves. For each estimator three intensities of selection are assessed-1, 5 and 10%. From the results of the multi-level estimates this translates to reductions (kg/day as fed) of 2.30(1%), 1.57(5%) and 1.24(10%). The corresponding rates of reduction (kg/day as fed) in the linear model are: 2.28(1%), 1.56(5%) and 1.23(105%). The rates of reduction (kg/day as fed) for the nonlinear estimation are: 2.29(1%), 1.55(5%) and 1.23(10%). Table 5 is a summary of results. Changes in methane and net returns from the multi-level estimates were more comparable to the linear estimator than the non-linear estimator. As showed in Figure 3 , the differences between these measures were 0%, 0.24% and 0.6% for the linear model as compared 0-35% in the case of the nonlinear estimator. The highest differences occur at the upper tail of the distribution. It seems that as one moves further away from the tails of the distribution, the impact of estimation approach reduces. 
Conclusion
As concerns continue to grow about the environmental impact of beef production, producers and researchers need to evaluate methods that can help to produce beef profitably while minimizing the effect on the environment. Using RFI (a measure of feed efficiency) as another selection criteria along with production traits can be an effective tool in achieving this objective. Historically, selection in beef cattle has focused on output traits resulting in differences in genetic improvements in these traits as compared to feed efficiency. Also, cattle are relatively less efficient as compared to other livestock-hogs and poultry. Breeding programs designed to improve the trait require the inclusion of both genotypic and phenotypic information. Even in the case of new DNA-based selection programs, phenotypic measurements are required in training population to validate genotypes. It is not unlikely that this may require data on cattle raised under different conditions and treatments. Feed intake however varies under the different conditions and the rigorous modelling of the different sources of heterogeneity can impact the accuracy of feed efficiency estimates. Given the multiplicity of factors that can influence feed intake, overfitting of conventional linear estimators can occur. This can negatively impact inferences made from parameter estimates. For feed efficiency, this can translate into errors in the ranking of the feed efficiency performance of cattle and the in selection of breeding stock for breeding. In this paper, we proposed and assessed the performance of a multi-level regression estimator and compared the feed efficiency rankings of cattle. Our results show that the ranking of cattle is sensitive to estimation approach. The multi-level estimator compared favorably with the conventional linear estimator when selections outcomes were assessed at the means of different percentiles. There were however minor deviations at the upper tail of the feed efficiency distribution where selection is most likely to occur. This suggests that the multi-level estimator can at the very least yield similar outcomes as conventional estimators whilst incorporating heterogeneity more robustly. We also assessed the economic and environmental impact of selection at different percentiles for the different estimators. This analysis was situated in the context of a feeding operation comprising 5600 animals. Our results show that selection for feed efficiency can increase net returns and reduce methane emission from enteric fermentation sources. A unit reduction in feed intake (kg as fed/day) was associated with an average increase of $13.23 in net returns and 33.46 tonnes reduction in emission at the end of the feeding period. On a percent intake basis, this translates into a 2.3% increase in net returns for each percent improvement in efficiency. This is lower than the 4.3% increase in profits reported in Fox, Tedeschi and Guiroy, (2001) . The modelling assumptions in the two studies are not the same.
Selection for different traits in beef cattle requires performance data on multi-traits and genetic merit values. The genetic and phenotypic relationships with other traits are also considered together in formulating a breeding objective, and used to develop selection indices. Our focus on a single trait is limiting as we do not factor the economic implications of correlations with other traits. Ultimately, progeny performance is one input amongst many in the selection of breeding stock and our results must be interpreted keeping this caveat in mind. This notwithstanding, as showed in this study, rigorous empirical analysis of phenotypic data can have far-reaching implications.
